We find constraints on the highest scale of symmetry breaking of a model with gauge symmetry
I. INTRODUCTION
Different experimental results point to the incompleteness of the standard model (SM) of particle physics as a theory describing the constituents of nature. The observation of neutrino oscillations, explained only in the framework of massive neutrinos [1] , the discrepancy between the SM prediction with the measured value of the anomalous magnetic moment of the muon [2] , the baryon asymmetry of the universe [3] and the conclusion that only 5% of the energy content of the universe is constituted by particles in the SM, are strong indications that physics beyond SM is needed.
The inclusion of matter with no interaction with light, explaining the reason to be called dark matter (DM), as a fundamental component of the theoretical model of particle physics has been considered mandatory in the last years due to different observations, both at galactic and cosmological scales [4, 5] . Several results have led to the conclusion that 27% of the energy in the universe correspond to matter in a form not included in the SM [6] .
Due to the unknown nature of DM, it is important to construct theoretical frameworks to describe its interactions with SM particles, and this could have different degrees of refinement.
In the first place, the description of DM interactions in terms of effective field theories (EFT), constitutes a natural tool to perform model-independent analyses in terms of fourfield operators for the interactions of DM with nucleons [7] , in the non-relativistic limit.
One advantage of this treatment is the possibility to obtain stringent bounds on the physics scale suppressing higher dimensional operators [8] .
The second possibility for a theory of DM-SM interactions includes the most important mediator states, leading to a better description of the kinematics of the interaction. This step forward is done in the so called simplified models [9, 10] , where the interactions can be described in scalar or vector channels for DM particles of any spin. This treatment has been proved useful in the search for new physics, where the interactions of a small number of new particles give predictions for collider physics observables at the Large Hadron Collider (LHC) [11] .
Finally, complete models not only include DM particles and the mediators of their interactions in their particle contents, but (sometimes) a plethora of new particles. These models could be considered extensions of the SM, and are inspired by the most diverse ideas [12, 13] . Usually, these models are set to solve or explain issues of the SM, what leads to the appearance of particles with the required characteristics to be identified with DM.
In this work, we analyse a SU (3) C ⊗ SU (3) L ⊗ U (1) N framework (3 − 3 − 1 model, for short), in order to find constraints on the scale of SU (3) L symmetry breaking, which determines the mass scale of new particles in the model, using the measured values of the anomalous magnetic moment of the muon [14] , the DM relic density [6] and the exclusion limits set by DM direct detection experiments [15, 16] . This paper is organized as follows. In section II we will discuss briefly some motivations and characteristics of models beyond SM, emphasizing on simplified models for the description of DM-SM interactions. In section III we present a summary of the 3 − 3 − 1 model considered in this work, in order to find, in section IV, the contribution of new particles to the anomalous magnetic moment of the muon and, in section V, the dominant portal for DM-SM interactions. Furthermore, in section VI we find constraints on the mass of the mediator of DM-SM interactions, which can be translated in lower bounds for the SU (3) L symmetry breaking scale, and compare these results with the favoured window coming from the contributions to the anomalous magnetic moment of the muon. Finally, in section VII, we make a comparison of our results with previous constraints found on the 3 − 3 − 1 model, mainly based on LHC data, and present our conclusions in section VIII.
II. SIMPLIFIED MODELS FOR THE DESCRIPTION OF DM-SM INTERAC-

TIONS
Models going beyond the SM try to solve some of its problems or inconsistencies leading to different frameworks with its own structure [17] . For example, in order to solve the gauge symmetry problem, associated with the chirality of electroweak interactions and the quantization of electric charge, a unification of interactions or a grand unified theory have been proposed [18, 19] ; for the solution of the fermion problem, related to the existence of at least three lepton families with hierarchical masses, superstring theories [20] or braneworld scenarios [21] can give an explanation; the hierarchy problem, associated with divergent corrections to the Higgs boson mass, can be solved, for example, in the framework of supersymmetry [22] , extended models [23, 24] , dynamical mechanisms for symmetry breaking [25] or large extra dimensions [26, 27] .
Disregarding the details of any of these models, it is very desirable to have the possibility of embedding DM in their particle contents, which will interact with SM particles depending on the lagrangian of the model. These interactions are completely unknown at the moment, and can be described in terms of Simplified Models, where the mediator state is called "portal" [8, 9] .
For models with a single candidate to DM, where a discrete symmetry protects the lightest odd particle of decaying, its interactions will depend on the particle types of the DM and the mediator. For example, in the case of fermionic DM, different from its own antiparticle and represented by a field ψ interacting with SM particles through a scalar S or vector U µ portal, the interaction lagrangian can be written, respectively, as [10] 
where g ψ and g are couplings associated with the interaction of ψ with S and U µ , respectively, c S is a Yukawa-like coupling associated with the mass m f of the SM fermions f , v h is the vacuum expectation value of the Higgs boson, and
, are vector and axial couplings of fermionic DM (SM) particles.
In order to identify DM particles, several direct and indirect experiments have been performed, are in progress or under construction. In the case of indirect searches, the detection of the decay or annihilation products of DM particles is used as a probe for DM particles [28] . On the other hand, in direct detection experiments the scattering of DM particles could leave a signal in the detectors, which can be in the form of energy deposition, scintillation light or ionization [29] . A fundamental quantity in direct detection experiments is the spin-independent scattering cross section of a DM candidate with nucleons, which is usually obtained in these experiments and which gives the strongest constraints on DM observables.
Using the interaction lagrangian in Eqs. (1) and (2), this spin-independent scattering cross section with protons, σ SI p , for the cases of scalar and vector portals, are given by [30] 
where µ ψp is the reduced mass of the fermion DM-proton system, with masses m ψ and m p , respectively, f N (N = n, p) is the effective coupling of DM with nucleons, m S and m U are the masses of the scalar and vector mediators, and the atomic and mass numbers of the target in a direct detection experiment are denoted by Z and A, respectively.
In this section we will present a review of a complete model beyond SM, for which a fermion DM candidate is contained in its particle spectrum, and for which we will calculate the contribution of new particles to the anomalous magnetic moment of the muon, and results on DM observables will be compared in terms of the simplified model predictions just discussed.
This extension corresponds to a model with gauge symmetry
which has been widely studied in the literature, due to its appealing characteristics. For example, the anomaly cancellation occurs only if the number of families is exactly three or one of its multiples [31] , the quantization of electric charge appears naturally [32] , neutrino masses can be included easily in the model, either by effective operators invariant under the gauge symmetry [33] or by a double see-saw mechanism [34] , the strong CP problem can be solved and a nonthermal candidate for DM (an axion) can be included in its physical spectrum [34] [35] [36] [37] , and the model is very interesting from the phenomenological point of view [38] .
In this 3 − 3 − 1 model, it is customary to define the electric charge operator as a linear combination of the diagonal generators ( to the same discrete symmetry group used to stabilize DM [40] .
In order to cancel gauge anomalies, we distribute the matter content of the model in the following way [41] : the first two generations of left handed quarks transform as triplets, while the third generation transforms as an antitriplet, in the same way as left handed leptons:
with i = 1, 2 corresponding to the first and second quark generation, j = e, µ, τ denoting the three lepton families, and ∼ is used to indicate the transformation properties under the symmetry group. Note that the model contains one new up quark (J 3 ) and two new down quarks (J 1,2 ), alongside with three heavy leptons E j . The lightest of these fermions can be made a DM candidate in the model using a discrete symmetry, as shown in [40] , and we will analyse the DM observables associated to the heavy lepton of the electron flavour in Secs.
V and VI.
Right handed particles are singlets under SU (3) L , with the following transformation rules:
where the usual quark generations correspond to a, b = 1, . . . , 3.
Symmetry breaking in the model happens through three scalar triplets η, ρ and χ, with the following components and transformation properties
interacting through a scalar potential consistent with renormalization and gauge invariance, on which a discrete symmetry Z 2 is imposed in order to bring simplicity to the model and interpret the χ scalar triplet as the responsible for breaking the SU (3) L symmetry to the SM one,
where µ i (i = 1, 2, 3) are quadratic self interactions that can be determined from the vacuum properties, λ i (i = 1, . . . , 9) are quartic couplings determining the spectrum of scalars in the theory, and f is a trilinear coupling usually taken proportional to the highest energy breaking scale in the model. The stability of this scalar potential was recently analyzed in [42] , where tree level constraints on the parameters of the model were obtained using copositivity conditions and current bounds on the masses of extra particles.
The scalar triplets in Eq. (6) are responsible to give mass to all particles in the model. For example, physical scalars appear as the massive eigenstates of the mass matrices obtained when the scalar triplets get the vacuum expectation values
and the components η 0 , ρ 0 and χ 0 are decomposed into their real (R η,ρ,χ ) and imaginary (I η,ρ,χ ) parts,
leading to the mass matrices
From the eigenvectors of the first of these matrices, three Higgs bosons h, H 2 and H 3 are obtained (from these three particles, we identify the lightest physical state with the SM Higgs boson), where approximate expressions for their masses, calculated using a perturbative approach, where found in [43] , and which we will use in this work in order to get a precise calculation of the masses of these particles.
On the other hand, matrix (11) gives a pseudo-scalar particle, denoted H 0 , and two Goldstone bosons (G Z and G Z , eaten by the neutral gauge bosons appearing in the physical spectrum, to be discussed later).
To complete the spectrum of scalar states in the theory, the mass mixing matrices resulting from the charged symmetry states in (6) The first of these neutral fields can also be made a DM candidate in the model (under the same symmetry used to stabilize E e and H V ), and the second of these gauge fields appears from the 3 × 3 mixing matrix of neutral gauge bosons, from which A µ and Z µ correspond to the other two eigenstates.
Complete expressions for the Yukawa lagrangian giving masses to fermions, particles in the Higgs sector, masses of gauge bosons and the expressions for the interactions between gauge bosons and fermions, can be found in [41, 44] .
In the following section we will find the contribution of new particles in this 3 − 3 − 1 model to the anomalous magnetic moment of the muon, in order to determine if the physical spectrum can give a sizeable deviation of the SM prediction of this precisely measured quantity, which can be used as a sensitive probe for models beyond SM.
IV. CONSTRAINTS FROM THE MUON ANOMALOUS MAGNETIC MOMENT
In order to set constraints on the scale of symmetry breaking of the SU (3) L group, we have calculated the contribution of new particles in the 3 − 3 − 1 model to the anomalous magnetic moment of the muon, defined as
where g µ is the gyromagnetic ratio (or g-factor), in terms of which the orbital magnetic moment of the muon is written in terms of its spin as
where µ 0 is the Bohr magneton, and σ denotes the vector of Pauli matrices. The usefulness of this calculation lies on the fact that ∆a µ ≡ a is the experimentally measured value and a SM µ the SM prediction, is a quantity measured very precisely in particle physics [14] , and which can be used in order to set constraints on models beyond SM [45] .
In order to calculate the contribution of new particles in the spectrum of the 3 − 3 − 1 model considered in this work, we need to identify the possible one-loop lowest order type diagrams taking into account the interchange of both neutral and charged bosons. The contributing diagrams are shown in Fig. 1 , and the general expressions for ∆a µ associated with diagrams of this kind can be found in [2] . The contribution of diagrams characterized by the interchange of neutral scalar particles Fig. 1 ) has the form
with S = H 2 , H 3 , H 0 a label indicating the particle interchanged (with mass M S ), and λ S = m µ /M S , with m µ the muon mass.
In Eq. (14), f S (S = H 2 , H 3 , H 0 ), represents the vertex factor associated to the
where
is the Yukawa coupling of the muon, and U H i,j (U h i,j ) is the i, j element of the matrix transforming the {R η , R ρ , R χ } ({I η , I ρ , I χ }) base to the mass eigenstates {h, H 2 , H 3 } ({H 0 , G Z , G Z }) (see the discussion on these physical states in Sec. III),
whose expressions, calculated using a pseudoinverse formulation of Rayleigh-Schrodinger perturbation theory were found in [43] .
The contribution of the diagram where a Z µ boson is interchanged ( Fig. 1(b) ) has two contributions, due to the vector and axial couplings of this boson to the muon [46] , and is given by given by
where e is the electron charge, and s W and c W are the sine and cosine of the Weinberg angle, respectively.
The contribution of the diagram in Fig. 1(c) , characterized by the interchange of a charged scalar H ± W is simpler than the others, due to the presence of the muon neutrino in the loop. In the limit m νµ m µ , the contribution is reduced to
where f H W is the {µ − , H − W , ν µ } vertex factor, given by
and
The interchange of charged scalars H ± Y in Fig. 1(d) gives the following contribution to the anomalous magnetic moment of the muon
Finally, as the charged gauge boson Y ± has vector and axial couplings (with the same strength) with µ and E µ , its contribution to the anomalous magnetic moment of the muon, calculated from the diagram in Fig. 1(e) , can be written as
with
where M Y is the mass of the Y ± boson.
We have numerically calculated the contributions of all these new particles in the 3−3−1 (23) for Y ± µ ) to the anomalous magnetic moment of the muon, and obtained the results shown in Fig. 2 , where the contribution of each particle to ∆a µ is shown as a function of the SU (3) L symmetry breaking scale, on which the mass of each of these particles is strongly dependent.
It is important to note here that the contributions of the CP-even scalars 
determining a favoured window to look for the masses of the new particles present in the spectrum, as we will do in Sec. VI with the Z µ boson. [47] In the following section, we will discuss the results for DM observables in the 3 − 3 − 1 model when we take the heavy lepton of the electron flavour as our DM candidate, identifying the dominant channel describing its interactions leading to a relic dark matter abundance consistent with the measurements performed by the Planck collaboration [48] , and making a comparison of the results found in the complete 3 − 3 − 1 model with the predictions of the simplified models presented in section II.
V. IDENTIFICATION OF THE DOMINANT PORTAL OF DM-SM INTERAC-TIONS
In order to make a comparison of DM observables in the 3 − 3 − 1 framework with the predictions of minimal DM models, we need to find the terms in the lagrangian with the structure presented in Eqs. (1) and (2) . Taking a look at the full lagrangian in the FeynRules [49, 50] implementation of the β = 1/ √ 3 version of the model [44] and using the CalcHEP [51] package, we have found that, in the case where the lightest odd particle under the discrete symmetry corresponds to the heavy fermion of the electron flavour, E e , this particle interacts with four scalars in the physical spectrum of the model, and with two gauge bosons.
The physical scalars interacting with E e are the eigenstates h, H 2 and H 3 of the real mass matrix (10) , and the CP-odd state H 0 corresponding to the massive eigenstate of the imaginary mass matrix (11).
On the other hand, E e interacts with two vector particles in the model, the SM Z µ boson and its heavier partner Z µ . This new gauge boson has a mass depending directly on the
where g W is the SU (3) L coupling constant.
In this way, we have seen that our DM candidate has the possibility to interact with SM particles both through scalar (h, H 2 , H 3 and H 0 ) and vector (Z µ and Z µ ) channels, allowing us to identify the dominant portal describing the interactions of E e , through the determination of resonances in the cross section for processes leading to the candidate abundance, E e E e ←→ X Y, as the ones shown in Fig. 3 . It has been shown [52] that interactions of DM particles through SM portals, mediated by the Higgs particle h or the Z gauge boson are almost completely ruled out, and for this reason we don't analyze its interactions with our DM candidate.
Consequently, we have constructed the plots presented in Fig. 4 to Ω 331 = Ω Planck , and the white dots in the middle of the two red lines in each diagram correspond to points where the relic density is very low or approximately zero. These graphs have been produced using the micrOMEGAs package [53] , using a modified version of the FeynRules [49, 50] implementation of the 3−3−1 model in Ref. [44] , including the calculation of the physical states h, H 2 and H 3 with the perturbative approach in [43] .
All plots in Fig. 4 were obtained when the coupling parameters in the scalar potential (7) are of order 1 and we only guarantee that particles belonging to the same symmetry group that makes E e stable have greater mass. Nevertheless, this is not always possible, as can be seen from the white region in the lower right corner of each panel in Fig. 4 , which corresponds to points in the parameter space where E e is no longer the lightest odd particle under the discrete symmetry, which is now substituted by the charged gauge boson Y ± µ . It is important to note here that as the masses of E e and Y ± µ become closer, annihilation involving Y ± can change drastically the E e relic abundance [54] . This degenerate regime is different to the general scenario depicted in Fig. 4 , and its quantitative characteristics are not going to be described here, but our simulations for the scattering cross section with protons will give constraints for this regime. Another point that is worth mentioning is the appearance of some points with a relic abundance consistent with the measured cosmological
parameter Ω Planck on the left part of the graphs. These points correspond to the Higgs resonance on the scattering cross section, and it is always present in the model. Again, as
Higgs mediated interactions are almost completely ruled out, we are not interested in their analysis in this work.
So, from Fig. 4 , we can see that the dominant portal for the interactions of E e is the Z µ portal, as the red bands giving the relic abundance consistent with Planck results [48] are placed symmetrically about the black line with equation M Ee = M Z /2, indicating a resonance for every value of M Z shown in the figure. This conclusion is consistent with the analysis of Ref. [55] which found constraints on the Z µ boson mass using bounds obtained from direct detection experiments.
VI. CONSTRAINTS ON THE MASS OF THE Z BOSON AND THE v χ VEV US-ING DM DIRECT DETECTION EXPERIMENTS
Now that we have identified the dominant portal, we proceed to the determination of constraints on the properties of our DM candidate coming from the XENON1T direct de-tection experiment [15] . In order to do so, we need to identify the parameters of the 3 − 3 − 1 model corresponding to quantities entering in Eq. (3).
The terms in the lagrangian of the 3 − 3 − 1 model which correspond to interactions of E e with the vector mediator Z µ , in the form given in Eq. (2), can be written as
where each c i , i = 1, . . . , 6, are coefficients depending on the specific parameters of the model, and given by: Taking these considerations into account, we can make the following identification of the parameters in (2):
where we have replaced the indices for the DM candidate (ψ), the mediator (U µ ) and the SM fermion (f ) in Eq. (2) for the corresponding particle names in the 3 − 3 − 1 model, E e , Z µ and u, d, respectively.
With this identification, we can proceed to the calculation of the spin-independent scattering cross section with protons, in order to set constraints on the masses of the DM candidate E e and the vector mediator Z µ . In order to do this, we have calculated σ SI p in two different situations: as given by Eq. (3) (which we will call σ Z p from now on), which assumes that E e interactions are mediated only by Z µ and there are no other particles in the physical spectrum (besides SM particles), and considering the full particle content of the 3 − 3 − 1 model (henceforth called σ 331 p ), with all its possible portals (namely, h, H 2 , H 3 and H 0 ), as done by the micrOMEGAs [53] package.
When performing this calculation, we have found that the value of σ Z p is always greater than σ 331 p by a fixed factor of approximately 1.339. This factor comes from neglecting the other contributing diagrams in the scattering cross section of E e with quarks, which produce a destructive interference with the diagram mediated by Z µ , in all the parameter space scanned in this work. So, in order to take into account this difference and be able to compare the results of the full 3 − 3 − 1 model with the predictions of simplified models, we have included a normalization factor in Eq. (3) 1 .
In Fig. 5 we show the constraints on the E e and Z µ masses set by an extrapolation of the data from the XENON1T direct detection experiment [15] Table I , which shows the exclusion limits set by the two different direct detection experiments considered.
The minimum values of M Z are higher than the ones presented in Ref. [56] , where the authors extend the analysis of decays of a new gauge boson to dilepton final states performed in [57] to impose constraints on models with an additional particle of this type, in order to find lower bounds on the mass of the Z µ boson of the 3 − 3 − 1 model. On the other hand, our bounds on M Z are consistent with the results of Ref. [58] , which analyze LHC data on flavor changing neutral currents (FCNC) and dilepton resonance searches.
Finally, the favoured window for the contribution of new particles in the model to ∆a µ , giving the boundaries on v χ shown in Eq. (25) , sets the following minimum and maximum Table I : Minimum Z µ and E e masses required for the 3 − 3 − 1 model with β = 1/ √ 3 give a relic E e density consistent with Planck [48] , and evading the limits set by XENON1T [15] and the future sensitivity of LZ [16] .
values for the mass of the Z µ gauge boson when we use Eq. (26):
which, when combined with the constraints found with the results of the XE-NON1T [15] direct detection experiment gives a narrower window for the mass of this new gauge boson, with the same lower bounds shown in Table I and an upper bound given by the maximum value in Eq. (34) . On the other hand, the comparison of the favoured region represented by the vertical dashed blue lines in Fig. 5 with the constraint of the future sensitivity of the LZ experiment [16] points to the complete exclusion of the 3 − 3 − 1 model with heavy neutral leptons as a suitable framework with a fermion candidate to DM.
VII. SUMMARY OF CONSTRAINTS
To summarize all constraints on the mass of the Z µ boson, we have constructed Z decaying to dilepton final states in pp collisions using data from LHC at a center of mass energy of 8 TeV (dark green) [56] and 13 TeV (brown) [58] , the exclusion limits set on this work (yellow bars) for the spin-independent cross section of fermion DM using XENON1T results [15] , the negative results of dilepton searches at the 14 TeV LHC, both to heavy (M ∼ 1 TeV) and SM fermions (cyan) [44] and, finally, the constraints set on this work (light green) using the future sensitivity of the LZ experiment [16] . comparison of DM in the 3 − 3 − 1 model with the predictions of simplified models, as performed in this work, the cyan bars, giving the current strongest constraints, show the bounds obtained by the decay of Z to heavy and light fermions in the 14 TeV LHC [44] and, finally, the light green bars show the bounds obtained from the future sensitivity of the LZ direct detection experiment [16] , obtained in this work.
It is important to remark here that the projected sensitivity of the LZ experiment will rule out Z µ masses below 7.58 TeV, as shown in Table I , and this result, combined with the favoured window for ∆a µ shown by the vertical shaded region in Fig. 6 , will rule out the 3 − 3 − 1 model with a heavy neutral fermion as a candidate to DM as a suitable extension of the SM.
VIII. CONCLUSIONS
In this work we have found constraints on a 3 − 3 − 1 model, with a heavy neutral fermion as a DM candidate, coming from three different experimentally measured quantities: the anomalous magnetic moment of the muon, the DM relic density and the spin-independent scattering cross section of DM with protons.
In order to do this, we have calculated the contribution of new particles to the correction ∆a µ to the anomalous magnetic moment of the muon, finding a favoured window for the On the other hand, considering a fermion DM candidate in the model with a relic density consistent with cosmological observations, and from the analysis of the spin-independent scattering cross section of this candidate with protons (σ p ), we were able to find minimum values of this symmetry breaking scale due to its relation with the mass of the vector portal of DM-SM interaction, a neutral gauge boson Z µ .
In order to identify this particle as the dominant portal, we have made a comparison of the values of σ 331 p , the exact value of σ p considering all particles and interactions in the 3 − 3 − 1 model, and σ Z p , the DM-proton scattering cross section calculated from a comparison of the 3 − 3 − 1 model with the predictions of simplified models for DM interactions.
The comparison of the 3 − 3 − 1 model predictions for the DM relic density and the spin-independent scattering cross section with the measurements of the Planck [48] and XENON1T [15] collaborations, and the combination with the favoured window coming from the measurement of the anomalous magnetic moment of the muon [14] lead to the bounds 
